Introduction
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; EC 1.2.1.12) is a highly conserved cytosolic enzyme which plays a central role in the glycolytic pathway for energy metabolism. GAPDH catalyzes the oxidative phosphorylation of d-glyceraldehyde 3-phosphate (d-G3H) to give 1,3-diphosphoglyceric acid and uses NAD or NADP as a cofactor. In the first step of this two-step reaction the active-site cysteine residue of GAPDH attaches covalently to d-G3H and forms a thiohemiacetal intermediate, which transfers a hydride ion to NAD, resulting in the formation of the thioacyl enzyme. In the second step the resulting thioester is phosphorylated through the nucleophilic attack of an inorganic phosphate ion (P i ) on the carbonyl C atom of the thioacyl group, which leads to the formation of 1,3-diphosphoglycerate. In addition to the cytoplasmic form, in recent years surfacelocalized forms of GAPDH have been identified in a number of microorganisms. These GAPDH forms attach to a variety of macromolecules on target cell surfaces and are shown to be associated with adherence Boë l et al., 2005) , evasion (Terao et al., 2006) , adhesion (Maeda et al., 2004) , apoptosis (Oliveira et al., 2012) and other alternative functions (Lama et al., 2009) , and are thought to be involved in bacterial pathogenesis (Pancholi & Chhatwal, 2003) . These proteins are also called anchorless surface proteins because they lack the N-terminal signal sequences required for export and the typical C-terminal hydrophobic tails found in surface-anchored proteins. Since its initial identification in group A streptococcus (GAS; also known as Streptococcus pyogenes; Pancholi & Fischetti, 1992) it has been found in other streptococcal species, including S. agalactiae (also known as group B streptococcus or GBS; Seifert et al., 2003 GAPDH released in the culture supernatant from GBS acts as an immune-modulatory protein facilitating colonization (Madureira et al., 2007) . GAPDH localized on the GBS surface has also been shown to enhance bacterial virulence through its interaction with the human plasminogen system . Recently, Oliveira et al. (2012) showed that GAPDH released from lysed GBS attaches to the bacterial surface and induces apoptosis in murine macrophages, a process that has been implicated in the pathogenesis of GBS infection (Ulett & Adderson, 2006) . Recent data also demonstrated that immunization of mice with rGAPDH induces antibodies that can protect offspring against lethal GBS infections. This suggests that it could be a potential vaccine candidate (Madureira et al., 2011) . Together, these data indicate that GBS GAPDH is an important molecule to characterize at the molecular level to gain insight into its function both in terms of disease pathogenesis and its potential as a vaccine candidate against this important human pathogen. The threedimensional structure of GBS GAPDH may provide insight into the nature and conformation of the surface-exposed epitopes of the protein that may be involved in novel functions. In this communication, we report the crystal structure of S. agalactiae GAPDH in complex with its cofactor nicotinamide adenine dinucleotide.
Materials and methods

Protein expression and purification
The coding sequence for S. agalactiae GAPDH was amplified from the genomic DNA of the reference GBS strain NEM316 and was subcloned into pET-15b vector (Novagen) into the NdeI and XhoI sites. The recombinant protein was expressed in Escherichia coli BL21(DE3)pLysS Rosetta cells (Invitrogen). The resulting protein (rGAPDH) contains a 20-residue insert (MGSSHHHHHHSSG-LVPRGSH) at the N-terminus comprising a hexahistidine tag (underlined) and a thrombin cleavage site (bold). An overnight culture was grown at 310 K in LB medium containing 50 mg ml À1 ampicillin and 34 mg ml À1 chloramphenicol. The overnight culture was diluted 1:100 in LB medium containing the same composition of antibiotics supplemented with 0.2% glucose and grown at 310 K. When the OD 595 of the culture reached 0.8-0.9, isopropyl -d-1-thiogalactopyranoside (IPTG) was added to a final concentration of 0.4 mM and the culture was grown for 20 h at 298 K. Cultures were grown with a constant shaking at 225-250 rev min Evans, 2006) in the CCP4 program suite using unmerged and unscaled data preprocessed by XDS (Kabsch, 2010a,b) . R meas is a merging R factor independent of data redundancy, while R p.i.m. provides the precision of the averaged measurement, which improves with higher multiplicity (Weiss, 2001) . ‡ The data included in the R free set (5%) were excluded from refinement. § The value based on map calculation in PHENIX (Adams et al., 2010) .
Figure 1
Tetrameric assembly of GBS GAPDH. The stereo diagram figure shows the tetrameric assembly (noncrystallographic 222 symmetry) of GBS GAPDH in the asymmetric unit (biological assembly). Individual protein subunits are labeled and represented as ribbon drawings colored by chain (A, green; B, cyan; C, yellow; D, magenta). NAD molecules are shown as spheres (color code: C, colored by chain as for protein subunits; O, red; N, blue; P, orange).
Recombinant protein was purified at 277 K by immobilized metal (cobalt) affinity chromatography and size-exclusion chromatography. Frozen bacterial cell pellets from 2 l cell cultures were suspended in 45 ml lysis buffer composed of 25 mM HEPES pH 7.35, 0.1 M NaCl, 5 mM -mercaptoethanol, 0.2 mM phenylmethylsulfonyl fluoride, 5 mM benzamidine hydrochloride. After two freeze-thaw cycles, the lysate was incubated for 30 min at 277 K with 0.5 mg ml À1 DNAse I followed by centrifugation at 46 000g for 20 min at 277 K. The supernatant was loaded onto a TALON column (Clontech Laboratories) equilibrated with lysis buffer. The column was then washed with wash buffer (lysis buffer with NaCl concentration increased to 0.3 M containing 25 mM imidazole). Bound protein was eluted using a linear gradient of imidazole (25-300 mM) in 20 column volumes of lysis buffer. Eluted fractions were analyzed by SDS-PAGE). Fractions containing homogeneous protein samples were pooled and concentrated $30-fold using a 30 kDa cutoff (YM30 membrane) in an Amicon ultracentrifugal unit (EMD Millipore Chemicals). The concentrated protein was applied onto a Superdex 200 HR 26/60 column (GE Healthcare Life Sciences) equilibrated with two column volumes of 25 mM HEPES buffer pH 7.35, 0.1 M NaCl, 5 mM -mercaptoethanol. Protein samples eluted in the peak fractions were analyzed by SDS-PAGE and the most homogeneous fractions were structural communications Figure 2 Superimposition of GAPDHs from different species. The stereo drawing shows the superimposition of one subunit of GBS (PDB entry 4qx6), S. aureus (PDB entry 3lvf), C. parvum (PDB entry 1vsv) and human (PDB entry 3gpd) GAPDH. The C traces of GAPDH subunits are shown (color code: 4qx6, magenta; 3lvf, blue; 1vsv, green; 3gpd, wheat). pooled and concentrated to a final concentration of 8.9 mg ml À1 . No attempt was made to cleave the histidine tag from GBS GAPDH. Upon size-exclusion chromatography, GBS GAPDH eluted at a volume ($180 ml) expected for a tetrameric protein. Protein aliquots were flash-frozen and stored at 193 K until further use. The final yield after gel filtration was $18 mg in total (from 2 l cell culture).
Crystallization, intensity data collection and processing
Concentrated rGAPDH was subjected to crystallization screening at room temperature using a number of commercial crystallization kits. Crystals, which were mostly needle-shaped, were obtained in several crystallization solutions. Crystals suitable for data collection were grown using the microseeding technique in 26-36% polyethylene glycol (PEG) 4000, 0.1 M MES buffer pH 6.5. Needleshaped crystals were washed thoroughly by transferring them into 100 ml reservoir solution on a depression plate and were crushed in fresh reservoir solution to make a seed stock. The seed stock was diluted 1:10, 1:100 and 1:1000 in reservoir solution. Hanging drops were prepared by mixing 2 ml protein plus cofactor mixture, 0.5 ml water and 0.5 ml reservoir solution containing seed suspension in a cover slip, which was then sealed over a 500 ml reservoir and incubated at 295 K. The reservoir solution for growing the crystal used for structure determination consisted of 28% PEG 4000, 0.1 M MES buffer pH 6.5. Recently, crystallization of S. agalactiae in an isomorphous crystal form has been reported (Nagarajan & Ponnuraj, 2014) . These crystals were also grown from PEG 4000 and PEG 3350 at 287 K, but the crystallization buffer was composed of 0.1 M TrisHCl pH 8.0-9.0.
For data collection, a crystal (0.3 Â 0.2 Â 0.15 mm) was transferred serially into reservoir solutions supplemented with 15, 18 and 20%(v/v) glycerol and then flash-cooled in liquid nitrogen. Data were collected using a PILATUS 6M detector on NE-CAT beamline 24-ID-C at the Advanced Photon Source (APS). A total of 180 of oscillation data (1 per frame) were collected. Data were processed with XDS (Kabsch, 2010a,b) and SCALA (Evans, 2006) in the CCP4 suite as part of the RAPD data-collection strategy at NE-CAT (https://rapd.nec.aps.anl.gov/rapd).
Structure determination and refinement
Examination of GAPDH sequence alignments using the LALIGN server (http://www.ch.embnet.org/software/LALIGN_form.html) suggested that GBS GAPDH showed the best local alignment (68.8% identity) with the primary sequence of S. aureus MRSA strain 252 GAPDH (http://www.uniprot.org/uniprot/Q6GIL8). We therefore prepared a search model using the tetrameric crystal structure of S. aureus GAPDH (PDB entry 3lvf; Mukherjee et al., 2010) by removing the coordinates for the cofactor and water molecules. The crystal structure was solved by molecular replacement using PHENIX ( Structural difference in GBS GAPDH. The figure shows a comparison of the diverse region 294-307 as observed in GBS (PDB entry 4qx6) and S. aureus (PDB entry 3lvf) GAPDH with C. parvum (PDB entry 1vsv) and human (PDB entry 3gpd) GAPDH. (a) A cartoon drawing of subunit A of GBS GAPDH is shown in magenta. The segment of the secondary structure spanning residues 294-307 is colored blue and the amino-acid residues in this region are shown as stick models. (b, c) Two different views showing superimposition of GAPDH subunits from GBS, S. aureus, C. parvum and human in two different views are shown to emphasize the differences in the region highlighted above (color code: GBS GAPDH, magenta; 3lvf, blue; 1vsv, green; 3gpd, wheat).
could be unambiguously placed in the electron density in each of the four GAPDH molecules. After refinement of protein residues and NAD, water molecules were modeled into a difference electrondensity map (3 contour level) using Coot (Emsley & Cowtan, 2004) .
Final rounds of refinement and model building were performed using REFMAC5 (Murshudov et al., 2011) and Coot. Data-collection and refinement statistics are listed in Table 1 . The final atomic coordinates and structure factors for GBS GAPDH in complex with NAD have been deposited in the PDB as entry 4qx6. All figures were produced with PyMOL (DeLano, 2002).
Results and discussion
Analysis of the refined structure of GBS GAPDH using MolProbity (Chen et al., 2010) indicates that the quality of the model is excellent. A total of 99.8% of the residues in the final model are in the allowed regions of the Ramachandran plot. All three residues in the disallowed region of Ramachandran plot (His111 in chain A, Glu112 in chain B and Asp127 in chain D) are located in solvent-exposed flexible areas of the protein structure, and electron density for these residues is poor.
The asymmetric unit of the crystal structure contains four monomers, A, B, C and D, related by noncrystallographic 222 symmetry (Fig. 1) . The r.m.s. deviation for pairwise alignment of the monomeric units is less than 0.2 Å . GAPDHs from various organisms maintain a highly conserved structural fold (Seidler, 2012) . As expected, the overall structure of the GBS GAPDH monomer is very similar to other GAPDHs (Fig. 2) . The r.m.s. deviations for pairwise alignment of a single chain of GBS GAPDH with one chain of S. aureus GAPDH and Cryptosporidum parvum GAPDH is 0.62 Å (331 aligned C atoms) and 1.05 Å (327 aligned C atoms), respectively. Structures of GAPDHs from many organisms have been discussed extensively. We will therefore compare only important structural features of the GBS protein with other GAPDHs.
We crystallized GBS GAPDH in the presence of 2 mM NAD. Each subunit in the tetramer contains a bound NAD. As shown in Supplementary Fig. S1 1 , the electron density for NAD in each subunit was good except for a portion of the nicotinamide ring. The average B factor for the NAD molecules in the A, B, C and D subunits is in the range 39.91-51.44 Å 2 , while that for all protein residues is 57.8 Å 2 . NAD molecules are in an extended conformation (Fig. 3) and are bound by residues from different areas of the protein (Supplementary Table S1 ). The residues lining the NAD-binding pocket and those directly involved in binding to NAD are highly conserved in the GAPDH sequences from various species.
Binding of the cofactor to GAPDH induces an ordering of a loop designated the S-loop. In the structure of C. parvum GAPDH in the structural communications Figure 6 Structure-based sequence alignment of GAPDHs from different species. The figure shows a structure-based sequence alignment of GAPDHs from different species (GBS GAPDH, PDB entry 4qx6; S. aureus GAPDH, 3lvf; C. parvum GAPDH, 1vsv; E. coli GAPDH, 1dc6; human GAPDH, 3gpd; T. cruzi GAPDH, 1qxs; P. falciparum GAPDH, 1ywg). The secondary-structure annotation at the top is based on GBS GAPDH (-strands, red arrows; -helices, red coils). Conserved residues are highlighted in blue.
NAD-bound form (PDB entry 1vsv) we noted ordering of the entire S-loop, which was disordered in all subunits of the apo form (PDB entry 1vsu; Cook et al., 2009 ). In the GBS GAPDH structure the equivalent area (residues 186-194) is well ordered and the residues in this area have some of the lowest B factors in the molecules. As in C. parvum GAPDH, the S-loop of each subunit makes no contact with the NAD bound to the same subunit but interacts with the cofactor bound to an adjacent subunit through a water molecule; the main-chain O atom of Asp189 in each subunit forms a hydrogen bond to a water molecule, which also forms a hydrogen bond to the pyrophosphate O atom of NAD of the neighboring subunit (Fig. 4) .
In some GAPDH structures the active-site cysteine (Cys152 in GBS) is found in multiple conformations in the absence of cofactor (Jenkins & Tanner, 2006) . Moreover, NAD binding is associated with the movement of a conserved histidine residue (His179) that results in an altered distance between its NE atom and the S atom of the cysteine residue. In the present structure, the residues immediately preceding the S-loop including His179 are all well ordered, and structural communications 
